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ABSTRACT: Characterizing a monolayer of biological molecules has been a major challenge. We demonstrate nanopho-
tonic waveguide enhanced Raman spectroscopy (NWERS) of monolayers in the near-infrared region, enabling real-time 
measurements of the hybridization of DNA strands and the density of sub-monolayers of biotin-streptavidin complex 
immobilized on top of a photonics chip. NWERS is based on enhanced evanescent excitation and collection of spontane-
ous Raman scattering near nanophotonic waveguides, which for a one centimeter silicon nitride waveguide delivers a sig-
nal that is more than four orders of magnitude higher in comparison to a confocal Raman microscope. The reduced ac-
quisition time and specificity of the signal allows for a quantitative and real-time characterization of surface species, hith-
erto not possible using Raman spectroscopy. NWERS provides a direct analytic tool for monolayer research and also 
opens a route to compact microscope-less lab-on-a-chip devices with integrated sources, spectrometers and detectors 
fabricated using a mass-producible CMOS technology platform. 
Monolayers or thin layers of materials are ubiquitous in 
nature and play a critical role in modern instrumentation 
and technology1-3. The study of monolayers at the bio-
interfaces is crucial for applications ranging from clinical 
diagnostics, genomics, proteomics, and biomaterials to 
tissue engineering 1-8. Furthermore, there is an emergence 
of numerous interesting physical processes and novel op-
toelectronic applications that use 2D monolayers of mate-
rials such as graphene9 and graphene-like 2D materials10-11. 
Hence, a paramount importance is placed on understand-
ing the structural, physical and biochemical properties of 
monolayers or very thin layers of molecules. 
In monolayer research, there is a need for a precise tool 
that provides consolidated information about composi-
tion, molecular structure, and density of the surface mol-
ecules. Simultaneously characterizing the kinetics of the 
bio-chemical interactions at interfaces is equally im-
portant in many applications1-8, such as the study of DNA 
hybridization. Obtaining such consolidated information 
from monolayers is particularly challenging because only 
a small number of molecules contribute to the signal. The 
prevalent techniques such as scanning probe microscopy 
(SPM)12, X-ray based techniques13-15 and nuclear magnetic 
resonance microscopy16  are often invasive, expensive, 
necessitate a long time for sample preparation and data 
acquisition, and require a restrictive environment for 
samples. Some techniques such as surface plasmon reso-
nance (SPR)17 and whispering gallery mode (WGM)18 sen-
sors measure adsorption reactions via resonance shifts 
due to minute changes in the refractive index near a sur-
face. These techniques are prone to errors occurring from 
non-specific binding because the signals lack direct mo-
lecular signature. As such, many of these existing tech-
niques for monolayer characterization are unsuitable for a 
variety of applications. 
Raman spectroscopy is a powerful technique, and is 
particularly well-suited for identification and quantifica-
tion of various physicochemical properties of molecules. 
Raman spectroscopy has been successfully used for the 
characterization of monolayers of materials such as gra-
phene that have a high Raman scattering efficiency19 or 
via a pump wavelength resonant to the fluorescence that 
allows for a huge enhancement in the Raman signal20. 
Very thin layers of small Raman cross-section molecules, 
such as nucleic acids, proteins or lipids, present a major 
challenge for this technique, because the associated signal 
acquisition times to obtain a sufficient signal-to-noise 
ratio (SNR) are impractically long. This is especially the 
 case for near-infrared (NIR) wavelengths, where auto-
fluorescence background from most of the biological ma-
terials is weak, yet, unfortunately the Raman scattering 
cross-sections are also very small. Surface enhanced Ra-
man scattering (SERS) has been used to mitigate this 
problem21-22 by means of electromagnetic enhancement 
due to surface plasmon resonance effects. SERS signals 
depend strongly on geometrical features at the nanoscale 
and the resultant variations from one substrate to another 
necessitate sophisticated fabrication techniques for re-
producibility and uniformity23-25. Tip enhanced Raman 
spectroscopy (TERS), a technique combining SPM with a 
SERS nano-tip to greatly enhance the signal, has been 
recently used to study polymer monolayers26, albeit with 
the disadvantages of long integration time and inhomo-
geneity of signal strength inherent to SPM and SERS. 
The potential of waveguiding to enhance Raman signals 
has been recognized27 as early as 1980. A planar wave-
guide was utilized28 to evanescently excite the monolayers 
adsorbed on the top-cladding, with a microscope needed 
to collect the Raman signal from the top of the wave-
guide. Enhancement was only moderate; hence, imple-
mentation of resonance Raman scattering was necessary 
to obtain a reasonable signal-to-noise ratio. These tech-
niques, along with all other techniques discussed so far, 
are not easily integrable on a chip to allow for mass fabri-
cation of a low cost and microscope-less lab-on-a-chip 
device. Recently, we reported a proof-of-concept lab-on-
a-chip approach for quantitative spontaneous Raman 
sensing of bulk liquids29-31. This technique exploited elec-
tromagnetic interaction of the molecules with the evanes-
cent tail of the fundamental mode of nanophotonic wave-
guides29-33. Here we report a real-time observation of im-
mobilized DNA hybridization and an accurate and direct 
measurement of the density of sub-monolayers of biotin-
streptavidin complex using this on-chip nanophotonic 
waveguide enhanced Raman spectroscopy (NWERS) 
technique. This prospect emerges as a consequence of 
electromagnetic enhancement and an increase in number 
of the probed molecules, bringing about an enormous 
reduction of the integration time for a practical SNR. The 
following section describes this matter in detail. 
Enhanced evanescent Raman interaction 
A schematic of the basic device is shown in Fig. 1(a). 
The fundamental TE mode of a waveguide with an excita-
tion wavelength λ0 (785 nm in this article) evanescently 
excites the layer of the molecules at the waveguide core-
cladding interface. The spontaneous Raman scattered 
light emitted by the molecules is collected via the same 
waveguide. For a molecule at a given position r0, the 
strength of excitation and collection depends on the 
fourth power of the power-normalized modal field 
strength at that position30. Due to the electromagnetic 
confinement, the power Pw,0 collected from a molecule at 
a position very close to the surface of the waveguide will 
be relatively large compared to the free-space excitation 
and emission, especially in high contrast waveguides. To 
compare with ideal free-space or microscopic techniques, 
the power of the Raman signal collected by the wave-
guides can be normalized by the total Raman power emit-
ted by the same molecule when excited by the average 
intensity of an ideal diffraction limited beam (NA = 1) 
carrying the same pump power in free space (see supple-
mentary information (SI) section 1 for details). The nor-
malized collected power P̅w,0  is shown in Fig. 1(b)-(c) for 
the fundamental TE mode of silicon nitride (Si3N4) wave-
guides34 excited at λ0 and emitting sufficiently close (< 100 
nm, see SI) to λ0  . The figures indicate that, depending on 
the geometry of the waveguides, the regions near to the 
waveguides have comparable and even greater power 
conversion efficiency than the most ideal free space exci-
tation and collection in a microscope. The fact that P ̅w,0 > 1 
is indicative of a broadband Purcell enhancement present 
in the waveguides35.  In the SI section 1, we observe that 
P ̅w,0  > 10 for silicon nitride slot waveguide with slot width 
s = 20 nm indicating that a substantial signal enhance-
ment is possible with those waveguides. 
In addition to the transverse enhancement, the most 
significant component of the enhancement of the wave-
guide approach comes from the longitudinal propagation 
of the waveguide mode (Fig. 1(d)). The effective interac-
tion area contributing to the Raman signal in a guided 
mode Aeff,w is almost equal to the total surface area Awg of 
the waveguides which can be made arbitrarily large by 
using longer waveguides, and are limited only by wave-
guide losses. With the current technology, waveguide 
losses of around 1 dB cm-1 are typical30 thereby allowing 
for waveguide lengths in the order of several centimeters 
without a significant loss of the pump or the Raman sig-
nal. In contrast, for a diffraction-limited beam, the effec-
tive probed surface is determined by the waist of the fo-
cused beam w0 (Fig. 1(e)). 
For the case of bulk materials placed on the top of the 
waveguides, an immediate consequence of these results is 
that the NWERS approach provides a signal more than 
two orders of magnitudes higher than via the usual mi-
croscopic methods29-31, 33. The advantage of NWERS com-
pared to the free-space approach becomes more promi-
nent for a monolayer of molecules functionalized on top 
of the waveguides. The enhanced evanescent field and the 
extended area of interaction along the waveguide length l 
lead to a very high Raman signal from the monolayers 
adsorbed on the waveguides. The power collected by the 
waveguides (Pw,s), normalized to the total emitted power 
(Pg,s) for free space diffraction-limited excitation for the 
same surface density ρs and scattering cross-section σ of 
molecules is given by: 
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where, ηs is the surface conversion efficiency which is a 
function of the distribution of the modal field at the 
waveguide surface (see SI section 1). It can be calculated 
using standard mode solvers and can be tuned by design-
ing an appropriate waveguide geometry. Fig. 2(a) provides 
the calculated ηs as a function of Si3N4 waveguide width w 
for several slot widths s for waveguides (see Fig 1(a) for 
the schematic of the waveguide cross-section). Depending 
 on the design of the waveguides, Fig 2(c) illustrates that 
for a 1 cm Si3N4 waveguide we can theoretically expect a 
signal that is 4 to 5 orders of magnitude higher compared 
to the free space case. The enhancement can be further 
improved by using higher index-contrast waveguides and 
more efficient waveguide designs30. 
Fig. 1(b)-(c) also shows that the collected signal decays 
exponentially as a function of the distance away from the 
surface of the waveguide. For the Si3N4 waveguides with 
water as the top cladding, the total signal contribution 
halves almost every 20 nm away from the waveguides. A 
small depth of field is a valuable characteristic of the 
NWERS approach, as it results in a well-defined excitation 
and detection volume next to the surface of the wave-
guide. 
Experimental demonstration of waveguide en-
hancement 
To measure the Raman signal from waveguides and 
compare with a commercial Raman microscope, we func-
tionalize a monolayer of Rhodamine molecules on an 
amino-silanized Si3N4 waveguide surface (see Methods). 
The setup used to measure the collected Raman signal 
from the waveguides has been described elsewhere29, 25 in 
detail. A pump with 30 mW power is coupled to the 
waveguide with 8±2 dB coupling loss per facet. In the fol-
lowing part of this article, unless stated otherwise, we use 
a waveguide width w = 850 nm slotted waveguide with 
slot width s = 150 nm (Fig. 1(c)). We prefer to use slotted 
waveguides over striped (s = 0) waveguides because our 
slotted waveguides have comparable losses (~1.3 dB/cm 
compared to ~ 0.5 dB/cm in water), more than 3 times 
higher conversion efficiency, and lower background49. 
The co-propagating light is collected, filtered and coupled 
to a single mode fiber to measure the Raman spectrum 
with a commercial spectrometer (Andor SR303i) and a 
cooled CCD detector (Andor iDUS 416). The measured 
spectrum is displayed in Fig 2(b). For NWERS measure-
ments, an integration time of 4 s is sufficient to obtain 
SNR of 50 or more. The noise is mainly dominated by the 
shot noise of the Raman signal from the analyte and from 
the background associated with the waveguide material. 
Figure 2(b) also shows the spectra measured from a 
Rhodamine-functionalized Raman-grade calcium fluoride 
(CaF2) slide measured using a commercial Raman confo-
cal microscope (see Methods) and a CCD detector with 
similar characteristics. To be able to measure much weak-
er Raman signals from the monolayers using a micro-
scope, it is important to have a low background material 
because the microscope cannot discriminate the back-
ground from the other materials in the confocal volume. 
We use Raman grade (CaF2) microscope slides for the 
measurements with the Raman microscope as it exhibits 
very low Raman background compared to the stack of 
materials used for the fabrication of the waveguides (see 
Methods for fabrication details). A 7±2 nm layer of similar 
Si3N4 is deposited on CaF2 slides and functionalized to-
gether with the Si3N4 waveguide samples to ensure that 
both of the samples have similar density of molecules. For 
the spectra obtained with the Raman microscope, the 
noise is mainly dominated by the dark noise of the detec-
tor, as the signal is very low. A pump power of 18 mW and 
integration time of 80 s was required to obtain a SNR of 
around 8. 
Thus, even ignoring a total of 18 dB coupling losses (in 
this specific case), we clearly observe a very strong en-
hancement of the Raman signal from the waveguides. We 
normalize the observed signal Ps with the transmitted 
pump power Ptx to correct for the variations in the cou-
pling losses in the system which are extrinsic to the 
NWERS approach and can be eliminated by optimized 
coupling mechanism or by integrating the sources and 
detectors on the chip. The normalized collected power ζ 
is directly related to the intrinsic variables of the system27 
such as the difference in the waveguide losses for pump 
and Stokes wavelengths δα, the length of the waveguide l 
and surface efficiency ηs : 
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Here, Δ = (l δα)/2! + (l δα)2/3!+.. is generally negligible 
for small waveguide lengths, small waveguide losses or 
small stokes shifts. In a later section we show how the 
effect of Δ can be determined for an accurate measure-
ment. Figure 2 (c) displays the SNR versus ζ graph for the 
Raman signal calculated for the 1355 cm-1 line of monolay-
ers of Rhodamine using the data presented in Fig. 2(b). 
The values are normalized for the 18 mW pump power 
and 80 s integration times after the correction for the 
coupling losses in order to provide a comparison with the 
microscope system. The estimated values have been re-
peatable for at least three different samples with less than 
25% variations. 
Figure 2(c) confirms more than four orders of magni-
tude enhancement in the signal from only one centimeter 
of waveguide length, in accordance with the expectation 
from the theoretical curve shown in Fig. 2(a). In addition, 
we see that compared to commercial microscopic sys-
tems, the enhancement of the NWERS signal leads to 
more than two orders of magnitude improvement in SNR. 
Figure 2(d) illustrates the evolution of SNR as the density 
of the molecules or the cross-section of the molecules is 
varied, also calculated using the data shown in Fig. 2(b) 
(see SI Sec 2). More than two orders of magnitude im-
provement of SNR or limit of detection (LoD) is expected 
with the NWERS for the same pump power and same 
integration time. If the shot noise from the waveguide 
background can be reduced, the improvement of SNR or 
LoD can approach to four orders of magnitude. Seen from 
a slightly different perspective, depending on the domi-
nating source of noise and the concentration of analyte, 
the NWERS approach leads to 4 to 8 orders (see SI Sec 2) 
of reduction in the integration time compared to the free-
space system for a similar SNR and pump power. Further, 
as can be seen in Fig 2(a), the surface efficiency value ηs is 
practically invariant with small variations in the wave-
guide dimensions that might occur during fabrication 
(<4% for a variation of 20 nm); hence ηs will remain very 
 close to the calculated value in average30.  Our results for 
NWERS break the impasse of impractically long integra-
tion times and unpredictable signal enhancement that 
several potential applications of Raman spectroscopy are 
facing. Such an asset of NWERS is implemented for two 
different applications described subsequently in this pa-
per. In the next section, we outline real-time observation 
of DNA hybridization on the surface of silicon nitride 
waveguides using NWERS. 
DNA hybridization kinetics using spontaneous Ra-
man signal 
DNA microarrays are indispensable tools in modern bi-
otechnology with a broad range of applications from gene 
expression profiling and drug discovery to forensics5-6.  A 
reliable, cost-effective and sensitive quantification meth-
od for real-time analysis of DNA hybridization has been 
identified as a key necessity to broaden the range of ap-
plications of the DNA microarrays36,6. Here we demon-
strate a real-time analysis of DNA hybridization using 
NWERS, with an enormous prospective for large scale 
integration and parallelization.  
Oligonucleotide strands (DNA: 5'- /hexynyl/-TTT TTT 
TTT TCA CCA GCT CCA ACT ACC AC -3') of K-Ras gene - 
an important gene the activation of which is responsible 
for 17-25% of all human cancer tumors37, are immobilized 
on our chips using copper-catalyzed alkyne-azide 1,3-
dipolar cycloaddition reaction on a silanized surface (see 
Methods). The density of DNA probes was estimated to be 
about 6±1⋅ 1012 cm-2, based on measurement of P-
concentration by total X-ray fluorescence spectroscopy.  A 
500 nM solution of cDNA with cy3 marker (5'- /cy3/- GTG 
GTA GTT GGA GCT GAA AAA AAA AA -3'), in a 0.5M 
NaCl/TE buffer is used as analyte for the hybridization 
process. 
Initially, a 150 μl of buffer is drop-casted on the chip to 
measure the Raman spectra from the chip with immobi-
lized hexynyl-DNA in buffer. At time t = 60 s, 15 μl of 
cDNA is added on the chip and the changes of the Raman 
spectrum are monitored until a stationary regime is 
reached. The changes in the Raman spectrum are directly 
related to the hybridization kinetics (see SI section 3 for 
details) hence a stationary Raman spectrum indicates a 
saturation of the reaction. The hybridization reaction 
saturates in about 250 s after application of the cDNA 
solution. Figure 3(a) shows the spectrogram of the ob-
served Raman spectra collected from the chip as it evolves 
during the hybridization process. Each spectrum is meas-
ured every two seconds with about 0.25 mW effective 
power in the waveguide and corrected for the background 
from the waveguide (SI section 5).  Fig. 3(b) shows the 
Raman spectra of the immobilized hexynyl-DNA complex 
in buffer (at t = 6 s) and Raman spectra of the DNA hy-
bridization duplex (hyxynyl-DNA⋅cDNA-Cy3) after the 
hybridization reaction saturates (t = 250 s). The reaction 
kinetics can be quantified via one of the peaks corre-
sponding to cDNA. In our case, we choose the 1392 cm-1 
line of cy3 for its distinctive nature. 
As seen in Figure 3(c), the reaction kinetic observed us-
ing the 1392 cm-1 Raman line fits well with the first order 
Langmuir equation38-39  (SI  section 3): ζ (τ) = ζ∞  {1-exp (-
K1 ρAτ)}. In the present case, ζ (τ) is the normalized Raman 
signal intensity collected through the waveguide at a time 
τ after the start of the reaction, ζ∞   is the normalized Ra-
man signal corresponding to the total number of binding 
sites i.e.  Raman signal at the time of saturation, ρA is the 
concentration of the reacting analyte on the chip (ρA = 
45.4 nM in this study). The least-square-error fit to the 
above equation yielded a goodness of fit R2 = 0.95. The 
association constant K1 is estimated to be 2.9 ± 0.6 ⋅ 105 M-
1 s-1 from the fit. A higher temperature ~ 26° C of our ex-
periments may explain the slightly higher value we ob-
tained compared to values reported in the literature 
(1.2⋅105 M-1 s-1 for 20° C) 38-39   under otherwise similar ex-
perimental conditions such as chain length, target con-
centration and probe density. 
Although cDNA with a marker label is used in this 
proof of concept experiment, a natural next step is a label-
free measurement of hybridization kinetics using 
NWERS. For this purpose changes in the Raman spectra 
of the nucleic acids during hybridization have to be iden-
tified and quantified. The current spectra are over-
whelmed by the Raman signal from cy3 dye, hence are not 
suitable for identification of such changes during hybridi-
zation. 
There are several indirect techniques for the study of 
hybridization kinetics38-40. The appeal of the proposed 
NWERS is its simplicity and a direct correspondence of 
the spontaneous Raman signals with the number of the 
probed molecules. This makes NWERS intrinsically ro-
bust against the non-specific binding, photo damage, and 
photo bleaching that constitute a major source of error in 
most of the existing techniques, such as those based on 
fluorescence, X-rays or a microbalance. 
Since ζ∞ is the normalized Raman signal corresponding 
to a known probe density, we can use Eq. (2) to accurately 
determine the spontaneous scattering cross-section of the 
analyte molecules corresponding to a Raman peak (see SI 
section 4). Once the cross-section of a molecule is deter-
mined, the NWERS technique can be used to calculate 
the loading density of the probes, in a future experiment, 
without a need for determination of probe density that 
would otherwise require specialized techniques such as 
XFS. In the next section we discuss this application of 
NWERS for a robust quantification of the surface loading 
in another important biological assay based on biotin-
avidin binding. 
Quantification of surface loading for a sub-
monolayer of biotin and biotin-streptavidin complex 
Thanks to its unique structure and small size, biotin 
shows specific and very strong non-covalent binding to 
particular proteins such as avidin and histone, without 
significantly altering the biological activity of the mole-
cules in its surrounding41-44. Hence, biotin-based assays 
have been an indispensable tool in modern biotechnolo-
gy41 for the detection and localization of specific proteins, 
 nucleic acids, lipids, and carbohydrates. Here, we demon-
strate that NWERS can allow direct detection of amino-
silane precursor generally used for functionalization, bio-
tin, and NeutrAvidin and can be used for quantification of 
the biotin-StreptAvidin loading density when applied to 
the biotin based assays. 
To this end, we incubate biotinylated chips (see Meth-
ods) with unconjugated NeutrAvidin and StreptAvidin 
conjugated with Rhodamine red. These avidin derivatives 
are known to bind with high specificity to the biotinylat-
ed surface of the chips43. Figure 4(a) depicts a schematic 
of molecules attached to the waveguides at various stages 
of functionalization process. Typical Raman spectra ob-
tained from the chips corresponding to these stages are 
shown in Fig 4(b). We see several peaks corresponding to 
the molecules that are present at the specific stages of 
functionalization. Specifically, spontaneous Raman sig-
nals from monolayers of functionalized 3-
aminopropyltriethoxysilane45 – (henceforth, referred to as 
amino-silane (AS)), biotin22,46 covalently bound to AS (AS-
B), NeutrAvidin46 non-covalently bound to functionalized 
biotin (AS-B⋅NA), and StreptAvidin-Rhodamine43-
44conjugate bound to functionalized biotin (AS-B⋅SA-Rh) 
can all be detected with acquisition times in the order of a 
few seconds with a SNR >10. 
Functionalized AS display broadband features centered 
at ~ 1600 cm-1, ~ 1415 cm-1 and ~1165 cm-1 respectively as-
signed45 to amide deformations, C-N stretch in primary 
amines, and CH2 deformations.  The important fea-
tures22,46 of the AS-B spectra are centered around ~1310 
cm-1 (γ-CH2 ), ~1442 cm-1 (δ-CH2, δ-CH3) and ~1630 cm-1 
(Biotin Ureido ring stretching). Similarly, the spectra with 
biotin-avidin22,46 contained all the features of the biotin 
precursor and some extra peaks centered at ~1132 cm-1  
(Trp W7),~1250 cm-1  (Amide III), ~1550 cm-1  (Trp W3), 
~1668 cm-1  (Amide I). The spectrum due to AS-B⋅SA-Rh 
complex is overwhelmed by the spectral features of Rho-
damine, which has more than an order of magnitude 
higher cross-section compared to that of the precursor 
molecules. Incidentally we note that, under assumptions 
of identical loading density across all the functionalized 
chips, the respective peak amplitudes assigned to differ-
ent molecules can be used to estimate their relative Ra-
man cross-sections. 
 To accurately determine the number of streptavidin 
molecules attached to the surface of our chips, we meas-
ure the signal from streptavidin–Rhodamine red conju-
gate from the biotinylated chip containing the wave-
guides of lengths 1 cm, 2 cm 3 cm and 4 cm. The normal-
ized collected power ζ (for the 1513 cm-1 Rhodamine line) 
was measured for different lengths of waveguides using a 
spectrometer with calibrated CCD. The chip containing 
Rhodamine is selected, as Rhodamine is a well-studied 
Raman reporter and its cross-section is well documented. 
From literature we estimate σ for the 1513 cm-1 line of 
Rhodamine used for the experiment to be about 2.8⋅10-
27cm2⋅sr-1⋅molecule-1 at 785 nm47-48 and use ηs = 2.1⋅104 sr⋅ 
cm-1. Using these values of σηs and the measured ζ, we can 
determine experimental values of ρs (1+ Δ) = 2ζ/(lσηs) for 
different waveguide lengths.  These values are nearly 
equal to the number of molecules adsorbed on the wave-
guides, aside from the contribution of the factor Δ shown 
in Eq. (2). To determine this contribution we fit the ob-
served data with Eq. (2) as a model using the least-square 
error fitting algorithm.  Fig 4(c) shows the plot for 
2ζ/(lσηs) as a function of waveguide length l with respec-
tive experimental errors. The dominating source of error 
in our measurements is the vibration of the coupling 
mechanism30. A goodness of fit R2 = 0.995 is obtained and 
yields a surface loading of 1.0 ± 0.2⋅1011 molecules/cm2 and 
δα = -1.3 ±0.2 dB/cm. Our value for surface density is 
about 1% of a closely packed monolayer of streptavidin 
molecules (~1⋅1013 molecules/cm2)49. Thus, we see that 
neglecting Δ leads to about 15% underestimation of sur-
face density values for a 1 cm waveguide for ~105 nm dif-
ference of the pump and Stokes wavelengths, and for 
waveguide loss of ~2.5 dB/cm at 785 nm. 
As a proof-of-concept demonstration, here we focused 
on the biologically relevant problem of detection and 
quantification of biotin and DNA assays. We emphasize 
that there are several surface immobilization techniques 
developed for silica and silicon nitride surfaces50 which 
can be readily employed for the analysis of different mon-
olayers using NWERS. 
DISCUSSION AND CONCLUSIONS  
 
The NWERS-approach allows us to monitor biochemi-
cal reactions in real time and to extract consolidated 
quantitative information about the surface species, such 
as their chemical composition, molecular structure, load-
ing density or their Raman cross-sections.  Because these 
measurements are based on a highly specific Raman sig-
nal from the analyte molecules themselves, assuming that 
the analyte spectrum is distinct compared to background 
molecules, our technique is inherently robust against any 
non-specific binding that may occur during the binding 
process, unlike most of the existing non-Raman tech-
niques. Furthermore, spontaneous Raman techniques are 
robust against problems like photo-bleaching, photo-
damage, and sample heating, and do not need a restric-
tive sample environment such as a vacuum for operation. 
As a result of the enhancement, mostly originating 
from the longitudinal propagation along the waveguide, 
the NWERS system out-performs the commercial micro-
scopic systems in terms of SNR or LoD for a given pump 
power and integration time. Due to the exponential na-
ture of the evanescent wave, the background light origi-
nating from any irrelevant volume also poses little prob-
lem. However, the detection limit for a very low concen-
tration can be improved further if the existing back-
ground from the waveguides itself can be reduced. The 
deposition method of the waveguide Si3N4 has been im-
proved significantly to reduce the background, and can 
possibly be improved further. The use of alternative 
waveguide designs such as the slotted waveguides with 
even narrower slots may further reduce the background 
compared to the signal diminishing the LoD further. 
 From the data shown Fig 2(b), the estimated Raman effi-
ciency (σsρs) 1-sigma LoD for the current system is about 
2⋅10-19 sr-1. 
In conclusion, we have demonstrated the use of inte-
grated single-mode waveguides for evanescent excitation 
and collection of spontaneous Raman scattering from 
sub-monolayers. The method leads to an enhancement of 
at least four orders of magnitude of the spontaneous Ra-
man signal for just a centimeter of waveguide, relative to 
a standard confocal Raman microscope. This allows for a 
reduction of the integration times to the sub-second in 
the NIR region with a reasonable SNR and thereby open-
ing up a path for real-time analysis of biological interac-
tions at interfaces via spontaneous Raman signals. Fur-
thermore, the smallest possible étendue of the pump and 
collected light due to the use of single-mode waveguide 
ensures efficient integration with the most compact pho-
tonic components such as lasers, integrated spectrome-
ters, filters, and detectors thereby potentially eliminating 
all the bulk optics and the associated insertion loss, cost, 
complexity, fragility, volume and weight. The accumulat-
ed benefits of design flexibility, simple integration, high 
performance, possibility of mass-fabrication, compactness 
and immunity from unwanted electromagnetic interfer-
ence are all indicative that the NWERS can trigger a 
plethora of novel applications, including point-of-need 
Raman analysis. 
METHODS  
Fabrication of the waveguides. Si3N4 waveguide cir-
cuits used for the experiments described in this article are 
fabricated on a 200 mm silicon wafer containing a stack of 
2.2 μm -2.4 μm thick high-density plasma chemical vapor 
deposition silicon oxide (SiO2) and 220 nm thick plasma-
enhanced-CVD Si3N4. The structures were patterned with 
193 nm optical lithography and subsequently etched by 
the fluorine based inductive coupled plasma-reactive ion-
etch process to attain the final structure28. 
Silanization. Formation of covalently bonded amine 
group on the Si3N4 waveguides was carried out using well-
established 3-aminopropyltriethoxysilane (APTES) based 
amino-silanization chemistry50-51. Samples were cleaned in 
acetone and isopropyl alcohol, and oxidized in Piranha 
solution (H2SO4:H2O2, 7:3) at 50°C for 1 hour, to expose 
hydroxyl groups on the surface. The samples were then 
incubated in 1% APTES solution in dry toluene for 4 hours 
in cleanroom (CR) conditions, sonicated for 5 minutes, 
rinsed thoroughly in dry toluene and deionized (DI)  wa-
ter, and finally cured at 100° C in vacuum for one hour.  
DNA immobilization. The  azide-silane was deposited 
by vapor phase deposition in a Thermo-Scientific vacuum 
oven. Silanization occurred at 140 °C and 25 mbar. The 
azide-SAM modified samples were incubated for 1h in a 
humidity chamber with a solution of 33.3 % of 50 μM 
hexynyl-DNA in DIW, 22.2 % of 2 mM Tris[(1-benzyl-1H-
1,2,3-triazol-4-yl)methyl]amine (TBTA)  in dimethyl sulfox-
ide (DMSO), 22.2 % of 2 mM tetrakis(acetonitrile) cop-
per(I) hexafluorophosphate (TCH) in DMSO and 22.2 % of 
2.6 mM Sodium L-ascorbate SA in DI water. After incuba-
tion, the samples were rinsed toughly with DMSO. DNA 
hybridization was performed by incubating the samples 
in a 500 nM solution of Cy3-labeled complementary DNA 
strands in hybridization buffer. 
Rhodamine immobilization and biotinylization. 
Standard N-Hydroxysuccinimide (NHS) ester based chem-
istry40 uses NHS ester-activated compounds that react 
with primary amines on the silanized samples in physio-
logic conditions to yield specific and stable bonds. The 
samples were immersed in the 0.1mg/ml NHS-Rhodamine 
or NHS-Biotin solution in phosphate buffered saline 
(PBS) at pH 7.2 for 4 hours at CR conditions and rinsed 
thoroughly with PBS and DI water. The highly specific 
chemistry ensures fixation of a monolayer of the Rhoda-
mine and biotin molecules on the silanized samples via 
amide bonds.  
Biotin specific immobilization. NeutrAvidin and 
Streptavidin-Rhodamine complex are fixed onto biotinyl-
ated surface of the chips by immersing the samples in the 
0.1mg/ml solution in PBS for 4 hours at CR conditions and 
rinsed thoroughly with PBS and DI water. 
Raman microscope. A WITec Alpha300R+ confocal 
Raman microscope equipped with a Zeiss W Plan-
Apochromat VIS-IR 63x/1.0 objective, a 785 nm excitation 
diode laser (Toptica) and an UHTS 300 spectrometer us-
ing a -75 ˚C cooled CCD camera (ANDOR iDus 401) was 
used. A fiber with 100 μm diameter was used as a pinhole.  
Materials. NHS-Biotin, NHS-Rhodamine, NeutrAvidin 
and Streptavidin-Rhodamine conjugates were purchased 
from ThermoFisher-scientific. Labelled cDNA was pur-
chased from Integrated DNA Technologies (IDT). Unless 
stated otherwise, all other materials were purchased from 
Sigma Aldrich, and all materials were stored and used as 
recommended by the manufacturer.  
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Figure 1| Schematic and principle of NWERS. (a) The schematic of the NWERS system. Top inset shows a generic 
slot waveguide. For the waveguide used in this article n1=1.45 (SiO2), n2=1.89 (Si3N4), n3=1.33 (H2O), h = 220 nm. The map 
of log10(P̅w,0),  for different positions of a molecule in the top cladding region for (b) strip (w = 600 nm, s =0 nm) and (c) 
slot waveguides (w = 850 nm, s =150 nm) investigated in this article. P ̅w,0 is the power coupled from a particle to the fun-
damental TE waveguide mode, normalized to the total emission from the particle when excited by a diffraction limited 
beam with NA=1. (d) Illustration of a typical 1 cm silicon nitride waveguide spiral used in NWERS. The effective interac-
tion area, Aeff,w is nearly equal to the physical area Awg of the waveguide which is more than four orders of magnitude larg-
er than the effective area Aeff,g of a diffraction limited beam shown in (e). 
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Figure 2| Enhancement of signal and improvement of SNR with NWERS. (a) The calculated values of the ηs for 
NWERS system for h = 220 nm, slot widths s = 0, 20 nm and 150 nm as a function of waveguide width w. The waveguides 
used in the experiments are marked with circles. (b) The measured spectra of a Rhodamine monolayer obtained from a 
commercial Raman microscope (CM, Pin = 18 mW and tint = 80 s, in blue with left blue axis) in contrast to the spectra ob-
tained from the 1 cm slot waveguides (Wg, Pin= 30 mW, Ptx= 0.48 mW and tint= 4 s, in red with right red axis). (c) SNR vs 
conversion ratio ζ for the 1355 cm-1 line (highlighted with cyan in (b)) from rhodamine monolayers obtained from a com-
mercial microscope (CM), slotted waveguides (red) and strip waveguides (green). (d) Evolution of SNR for different ρsσs 
based on the data presented in (b) and highlighted by a cyan bar in the figure (solid lines). Evolution of SNR for the ideal 
cases, when shot-noise from the signal is the only source of noise, is also shown in dashed lines for the respective systems 
  
11 
 
Figure 3| Real time observation of DNA hybridization process using NWERS. (a) Raman spectrogram as a function 
of reaction time t. cDNA-Cy3 was added at t = 60 s (indicated by an arrow). (b) The Raman spectra before addition of the 
cDNA (t = 6 s, red) and after the saturation of hybridization reaction (t = 250 s, blue). Cyan and magenta are respectively 
Raman lines from cy3 and nucleic acids (c) The Raman signal (blue circles), corresponding to the 1392 cm-1 line of Cy3, 
follows the first order reaction equation (red line) with goodness of fit R2 = 0.952.  
  
12 
 
Figure 4| Detection and quantification of Biotin-Avidin monolayers (a) Schematic of immobilized monolayers at 
different stages of functionalization. APTES amino-silane (AS), biotin (B) covalently bound to AS (AS-B), NeutrAvidin 
(NA) or Streptavidin conjugated with Rhodamine (SA-Rh) attached to AS-B with non-covalent bond (AS-B⋅ NA(SA-Rh)) 
are depicted. (b) Raman spectrum of AS (brown), AS-B (green), AS-B⋅ NA (blue) and B-AS-B⋅SA-Rh (red). The vertical 
transparent lines of respective colors indicate the Raman peaks due to the corresponding molecules as found in the litera-
ture. (c) Dependence of the ρs(1+Δ) as a function of waveguide length calculated using 1513 cm-1 Rhodamine Raman signal 
obtained from B-AS-B⋅SA-Rh attached to biotin. The red diamonds are the experimental values and the blue line is the 
least squared error fit with Eq. (2) as a model. Estimated molecular density ρs is shown by an arrow corresponding to l ~0, 
where the effect of Δ is negligible. 
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Supplementary Information 
1. Normalized power scattered by a particle and surface conversion efficiency 
Here we outline a mathematical model to calculate the scattered power coupled to a mode of an arbitrary dielectric channel 
waveguide and compare it with the case with diffraction-limited beams in the free-space. 
We consider a molecule of scattering cross-section σ located at an arbitrary location r0 near a waveguide with its funda-
mental mode carrying a guided pump of power Pin. The total power Pw,0(r0) of the scattered  light coupled to the same 
waveguide mode is proportional to the fourth power of the power-normalized modal em(r0) field and given by Eq. (SE1)1. 
,0 0 0( ) ( )w inP r r P     (SE1) 
Specifically, using a semi-classical perturbative approach1, Λ can be approximated by:   
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where, ng is the group index of the mode, λ0 is the wavelength of the pump and the Stokes light assumed to be sufficiently 
close to the pump (for the waveguides and wavelengths used in this paper, the assumption that emission wavelength ~ λ0 
leads to an average underestimation < 5% for emissions within Raman shifts < 1500 cm-1), n(r) is the refractive index 
function. 
The total Raman power emitted by the same molecule when excited by the average field intensity within the beam waist 
(w0) of diffraction-limited beam of unit numerical aperture (the most ideal situation for a free-space beam) carrying the 
same pump power is given by: 
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We choose a diffraction-limited beam as the ideal beam for Raman microscopes, since it has the minimum possible 
étendue. Minimum étendue ensures maximal power density for maximal excitation.  To compare with the ideal free-space 
excitation for Raman microscope, Pw0 (r0) can be normalized with Pg,0: 
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Figure (SF1) plots log10 (P̅w,0) for different positions in the surrounding of a silicon nitride slot waveguide (s = 20 nm, w = 
660 nm) in water calculated by the COMSOL finite elements mode solver for the fundamental TE mode. The figure shows 
that more than one order of magnitude of power is coupled to the waveguide mode compared to the total emission in the 
most ideal diffraction-limited system. This result demonstrates the possibility of a large broadband Purcell enhancement2 
that could be utilized in NWERS. 
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Figure SF1| Normalized power coupled to the waveguide mode. log10(P̅w,0) for a slotted waveguide (s = 20 nm, w = 660 nm) shown in 3D highlighting 
the variations of the coupled power across the various regions of the section. P̅w,0 is the power coupled from a particle to the fundamental TE waveguide 
mode, normalized to the total emission from the particle when excited by a diffraction limited beam with NA=1. The purple shaded area shows the pro-
jection of P̅w,0 (r0), indicating the maxima of the P̅w,0(r0). The gray shaded region in the x-y plane indicates the waveguide cross-section. The contours rep-
resent the lines with the same P̅w,0 and the color bar shows the magnitude of P̅w,0. 
For a monolayer of molecules with surface density ρs uniformly distributed over a transversely symmetric waveguide of 
length l, the total normalized surface conversion efficiency for the waveguide system is given by:  
,
( )
w s
s
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P
l r dr
P
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   (SE5) 
The line integral in Eq. (SE5) is defined along the interface between the core and upper cladding on an arbitrary section of 
a waveguide (Fig. SF2). We call the integral, ηs the surface conversion efficiency, which is given by Eq. (SE6).  
 
0( )s
line
r dr     (SE6) 
For a similar monolayer excited and collected by a diffraction limited free-space system, the interaction area is limited by 
the beam waist. Integrating Eq. (SE3), the power emitted in every direction when excited by a diffraction-limited beam is 
given by Pg,s =Ppump σρs. 
Hence, 
 ,
,
,
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g s
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Fig. 2(a) in the main article show the ηs calculated for silicon nitride strip and slot waveguides using the COMSOL mode 
solver for various geometries.  
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Figure SF2| Integration path to calculate ηs. The surface integral can be reduced to a line integral along the path (shown in white) for uniformly dis-
tributed molecules on top of the longitudinally invariant waveguide. 
2. Considerations for SNR. 
In this section, we discuss the signal-to-noise performance of the background shot-noise limited NWERS system for low 
concentration in comparison with the dark-noise limited free-space system.  
We verified that the photon counts statistics of the CCD detector follows a Poisson distribution. It follows that the SNR 
can be defined as: 
BGC CSNR
C



   (SE8) 
where, Cν is the average number of photon counts of the signal peak at wavenumber ν  and CBG is the average number of 
photon counts near the bottom of the peak that correspond to the background (see section 5 for further details). In terms of 
experimental variables such as input power Pin, signal integration time tint, the product of scattering cross-section and the 
density of the molecules ( βs for signal and βBG for the back ground), interaction length l and detector dark noise equivalent 
power D, the SNR can be expressed as: 
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 
  (SE9) 
Where, θ is square root of the detector sensitivity which will be omitted in the following. Here, we have considered the 
waveguide materials act as a source of background light emitting in the same frequency, which is quantified by ηBGβBG.  
 
High concentration limit 
If the shot noise originating from the signal is the dominant source of noise, i.e. βs ηs > βBG ηBG > D, Eq. (SE9) can be writ-
ten as: 
intin s sSNR lP t     (SE10) 
In this situation, the SNR for the NWERS system is larger than the ideal free-space system by a factor √ (lηs) for the same 
integration time and input power. To obtain a similar SNR, the integration time needed is then reduced by a factor (lηs) for 
the NWERS system compared to an ideal free-space system. 
Low concentration limit 
For a waveguide system detecting a very low analyte concentration, βBG is the dominating source of noise, hence, the SNR 
for the waveguide SNRWG can be written as: 
int
s s
WG in
BG BG
SNR lt P
 
 
   (SE11) 
Similarly for an ideal free-space system without any source of background, SNR is limited only by the dark noise of the 
detector; hence the SNR for a dark limited system SNRDL is given by 
int
DL in
t
SNR P
D
   (SE12) 
Hence, for the same integration time and input power, 
  
16  
WG
s
DL in BG BG
SNR l D
SNR P

 
   (SE13) 
For a low concentration, and similar SNR, the reduction in integration time for a NWERS system compared to the ideal 
free-space system is a quadratic function of the surface conversion efficiency ηs since 
int, 2
int,
DL
s
WG in BG BG
t l D
t P

 
   (SE14) 
From our measurements, we have estimated ηBGβBG ~ 10-9 cm-1 and D ~ 2 fW for the CCD used in our measurement operat-
ing at maximum cooling at -80° C. Then, for 1cm waveguide and 1 mW pump, the reduction in integration time is 
tDL/tWG~10-3 ηs2. For the waveguide investigated in this paper, ηs ~2⋅105. Hence, the reduction in the integration time is 
~8⋅105. 
 
3. DNA Hybridization kinetics. 
 
Here we develop a model of Raman signal dependence as a function of DNA hybridization. We consider a probe mono-
layer of DNA immobilized on top of the photonic chip with a total surface density ρT. The free (unoccupied) immobilized 
probe DNA with average surface density ρF and the target cDNA in the analyte solution with surface density ρA,s (with a 
proportional  volume density ρA) produce the hybridization duplex with surface density ρH, such that ρT = ρH + ρF. The reac-
tion can be described by the following kinetic equation.  
1
1
,
K
F A s HK
  

   (SE15) 
Here K1 is the association constant that describes the binding rate of DNA and cDNA, while K-1 is the dissociation constant 
which describes the rate of dissociation of hybridization duplex into the surface DNA and cDNA. Assuming no other in-
teractions between the species occur, the hybridization rate can be described by a first order rate equation as follows. 
1 1
H
F A H
d
K K
dt

      (SE16) 
The unoccupied DNA density ρF participating in the reaction is the difference between total probe DNA concentration ρT 
and hybridized DNAs concentration, i.e ρF = ρT- ρH. Thus, 
 1 1 1
H
H A A T
d
K K K
dt

         (SE17) 
We assume that the concentration ρA of the target cDNA on top of the waveguide remains constant and is sufficiently low to 
affect the signal from hybridization complex. Then, the measured Raman signal from the hybridization is proportional to the 
density of the hybridization complex ρH as per Eq. (2) of the main article. Hence, we obtain Eq. (SE18) for the evolution of 
the Raman signal. 
   1 1( )1 AK Ke           (SE18) 
where, ζ (τ) is the normalized Raman signal intensity, defined by Eq. (2) in the main article, collected through the wave-
guide at a time τ after the start of the reaction, ζ∞   is the normalized Raman signal corresponding to the total number of 
binding sites i.e. the Raman signal at the time of saturation. 
For the hybridization of DNA with a chain length > 20, as in our case, typically3,4 K-1 < 10-4 s-1 while K1 >105 M-1s-1, 
thus, for a concentration ρA >10 nM, the equation is reduced to:  
   11 AKe         (SE19) 
4. Determination of the cross-section of cy3 
The value of ζ∞ corresponding to the 1392 cm-1 line of Cy3 molecules was experimentally determined to be 1.3⋅103 
counts/s/mW (Fig 3(c)). The detector sensitivity is determined to be 1.9⋅1015 counts/s/mW. This allows us to calculate ζ∞ = 
6.7⋅10-13 in absolute units. We take ηs = 2.1⋅104 sr⋅ cm-1 obtained from the simulations.  As discussed in the main text, the 
surface efficiency value ηs is tolerant to small variations in the waveguide that might occur during fabrication hence we ex-
pect ηs to be very close to the simulated value
1.  X-ray fluorescence spectroscopy data provides us the density of the DNA 
probes ρs = 6±1⋅10-13. Hence, using Eq. (2) for a 1 cm long waveguide, we determine σ (1+Δ) for the 1392 cm-1 line of Cy3 
to be 1.1 ± 0.2⋅10-29 cm2⋅sr-1⋅molecule-1 As  seen Fig. 4 (c)), Δ accounts for about 15%  underestimation of the parameters 
for the 1 cm waveguide. Thus, σ = 1.3 ± 0.2⋅10-29 cm2⋅sr-1⋅molecule-1 for the 1392 cm-1 line of Cy3 when pumped at 785 nm. 
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5. Background modeling and subtraction algorithm.  
In sec. 2 of this supplementary information, we saw that the SNR performance of the NWERS system is superior compared 
to an idealized free-space system despite the background from the waveguide. Nevertheless, any existing background due to 
the waveguide materials needs to be subtracted, particularly in the case of low concentration when the signal from the ana-
lyte is weak.  Fortunately, the waveguide background is generally constant, can be well-characterized and modelled. In this 
section we describe a simple model of the background and a simple background subtraction algorithm used throughout the 
article. We model the measured NWERS signal SMES as: 
( )  ( ) ( )  ( )MES ANL SIN ANL SINS R P R        (SE20) 
Here RANL is the Raman signal exclusively from the analyte, PSIN+ANL is the polynomial background usually consisting of 
auto-fluorescence from the Si3N4 core and the analyte, RSIN is the Raman signal from the Si3N4 core
5. A reference spectrum 
from the waveguide, measured without the analyte is: 
( )  ( )  ( )REF SIN SINS P R        (SE21) 
The polynomial backgrounds PSIN and PSIN+ANL can be approximated by using the asymmetric cost function algorithm
6 (in 
our data we use 3rd order polynomials). After subtraction of the background polynomials this becomes: 
1 MES MES SIN ANL ANL SINS S P R R e       (SE22) 
and, 
2 REF REF SIN SINS S P R e      (SE23) 
  where e1 and e2 are small residual errors that might have remained  during the subtraction process. The Raman signal con-
tribution from the core RSIN in Eq. (SE21) can now be obtained from the S̃REF by calculating the linear scaling factor α us-
ing least square algorithm that minimizes the cost defined as follows: 
 
2
( )
 ( ) -
REF
MES
S
C S



 
  
 
  (SE24) 
An approximate Raman spectrum of the analyte on top of the waveguide is then given by: 
 -
REF
MESANL
S
R S e

 
  (SE25) 
The approximate spectrum may contain some residual background e that has not been completely removed during the 
process. The residual background e is then removed using a variant of the low order asymmetric Whittaker method devel-
oped by Eilers7.  
Figure (SF4) illustrates the background subtraction algorithm just discussed. First the reference spectrum SREF of the wave-
guides without the analyte is measured as shown in Fig. SF4(a). The third order polynomial part of the background, ob-
tained using the asymmetric cost function algorithm is then subtracted yielding an approximate background S̃REF (Fig. 
SF4(b)). The polynomial-subtracted background consists mainly of a homogeneously broadened Raman spectrum RSIN of 
the deposited Si3N4. This Raman spectrum of the waveguide is then rescaled, as necessary, to the similar spectra S̃MES ob-
tained with analyte and subtracted yielding an approximate signal spectrum of the analyte RANL. The residual e that may 
have cropped in during the process is removed to get the final spectra as shown in Fig SF4 (d).  
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Figure SF4| Illustration of the background subtraction algorithm as applied to a monolayer of DNA⋅cDNA-Cy3 hybridization. (a) Raw spectrum 
of the waveguides with and without monolayers and the corresponding third order polynomial approximations of the polynomial component of the back-
ground. (b) The difference of the spectra and corresponding polynomials shown in (a). The difference spectrum obtained from the waveguide without 
analyte is rescaled to that with analyte. (c) The difference between the rescaled background without and with the analyte, giving an approximate Raman 
spectrum of the analyte alone. Any residual background is subtracted to obtain the final spectrum of the analyte shown in (d). d) The final Raman spec-
trum indicating the major Raman lines corresponding to Cy3. 
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